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Motivation

Bedretto as a Testbed Location for Atom-Interferometer based Gravitation-Wave Detectors

Long baseline atom interferometers are a proposed mid-band
gravitational wave detector technology.

-15
ig% — Broadly could cover the range 0.1-10 Hz.
£ 1077 — Liesin-between earth based (LIGO, VIRGO, etc.) and space
% 107 based (LISA) laser based interferometers.
Z 107
2 o2 ;
g 18_: Current long-term goals are km-scale vertical detectors.
S o — For practical reasons, and for noise mitigation reasons,
102 these need to be built underground.
—24 L ! L L L L L L L
: 10 107 107 1072 1072 0.1 110 102 10° 10*
flHz] A potential site for such a km-scale detector is Porta Alpina (in

Sedrun).

— Bedretto could act as an underground test-bed for
technology development.

From [1] (arXiv 2108.02468)

Note: The magnetic background measurements were done under the same motivation.

— See also the presentation from Guandi Zhao (comming up next).
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Atom-Interferometer based Gravitation-Wave Detectors

Basic Operation Principle
L/F TfL/c 2T+L/c

L
Cold atoms are launched on a vertical ballistic trajectory.

---------- S During the free fall phase, the matter wave of the cold atoms are

P ,/ § 1. splitinto a superposition of ground and exited state (beam splitter),

2. the ground and exited states are inverted (mirror),
3. and finally recombined (beam interference)

Z

using lasers travelling along the baseline.

/ : { The recombination leads to an interference pattern, which encodes the

Vertical distance

af - ‘ , *  phaseinformation of interest.

0 T ] T+£Uc 2T+(2L/c . X . . . ) .
Time There exist various different proposed configurations for long baseline atom interferometers,

which differ in the type of atoms, the type of energy transition and the number of lasers used.
From [2] (arXiv 2304.00614)

The strain (h) due to Gravitational waves (stretching of the baseline) leads to a phase term
ANwgh T
Ap = %(zz — z1)sin? (%) sin (¢o +wT)  with (2 —z1) ~ L,
as the laser propagation time, and thus the time spent in the excited state, changes [3].
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Atom-Interferometer based Gravitation-Wave Detectors
Seismic Noise (Vibrations of the Delivery Optics)

The measurement is carried out with the atoms in free fall, and thus
they are not directly affected by ground vibrations.

— But the delivery optics of the laser system is susceptible to ground
vibrations.

Using a differential setup with two atom interferometers suppresses
such common mode noise to some extent.

In order to reduce the residual noise contribution from the vibrations of
the delivery optics to negligible levels, it is estimated that the seismic
noise spectral density should be lower than

ﬂ daim =1x 10 *m/s*/VHz [2, 4]

From [2] (arXiv 2304.00614)
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Atom-Interferometer based Gravitation-Wave Detectors
Gravity Gradient Noise / Newtonian Noise

The seismic displacement of masses (e.g. bedrock) can lead to local variations of the matter density which
surrounds a detector. These density variations dp(7, t) couple to the atom clouds (test masses) via gravity as

op(F,t) 15
5a:—G// p(3 )rdV [5] 18-"’
v S
3 —-18
Resulting noise contribution in gravitational wave detectors 3 18_]9
is termed gravity gradient noise (GGN) or Newtonian noise. é 100 ]
— Currently imposes a hard limit on the sensitivity of _:E 102 <
ground based gravitational wave detectors. CoRp Tl SIS SN __ 1
2 = ~ YAEDG
— Gravity can not be shielded! 10 'j’ —z=10 o 1
1072 s vvuul i L - ul ul ul u’ ul
— Efforts in the community are ongoing on how to 109 107 107* 107 102 0.1 110 10> 10° 10*
mitigate these noise contributions. JHz]

From [1] (arXiv 2108.02468)

To limit the influence of GGN, the spectral density of the local seismic acceleration should be well below the
New High Noise Model (NHNM) [6].
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Seismic Data
Data provided by the Swiss Seimological Service (SED)
at ETH Ziirich.

— No dedicated seismometer was installed for this study.

Analyzing data from two permanently in Bedretto installed
seismometers:
TM3500 Short period seismometer
— Model: Lennartz LE-3DliteMklll
— Corner Period: 1s TM4912
— Data-logger: Nanometrics (500 sps)
TM4912 Broadband seismometer
— Model: Nanometrics Trillium Compact
— Corner Period: 120
— Data-logger: Nanometrics (500 sps)

TM3500

In general the data is presented as a one-sided linear
spectral density (LSD) (per 30 min interval).

— Plotted lines show the median LSD. The data presented here covers the range:
— Filled regions show the 16th to 84th percentile region. October 2024 - October 2025

Bedretto Lab Underground Physics | University of Zurich | Department of Physics - Soares-Santos Group 2025-11-28 | 6



Seismic Acceleration at TM3500

! ‘ The seismic noise at TM3500 in general is very low!

10 *E —— North ---- NHNM
East ——+ NLNM .
~— Vertical St — Close to the NLNM over a wide span of the measured

frequency band.

Two peaks are visible at higher frequencies:
— 16.7 Hz: Furka railways power grid frequency
— 50 Hz: Swiss national electricity grid frequency

Hz]

LSD [m/s?

Below 0.1 Hz the measurement is dominated by the noise
floor of the short period seismometer.

| — Thisis also visible by the very small variation in

Frequency [Hz] measured LSD below 0.1 Hz.
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Seismic Acceleration at TM4912

T
10 *E —— North
East

—— Vertical

Hz]

LSD [m/s¥/

====-NHNM

Dais: 102024 - 102025

The broadband seismometer at TM4912 has a better
response at low frequencies!
— Overall there is more seismic noise, due to the proximity
to the Furka railway tunnel.
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At low frequencies there is a large spread in the observed
seismic noise!
— Apart of the distribution is at or above the NHNM.
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Seismic Day [/ Night Cycle
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At TM3500 only a minor day / night cycle is visible!
— The noise from the train line is well attenuated by the
horizontal separation.
— Small residual noise from the train is visible (peak
at 16.7 Hz).

A clear day / night cycle is visible!
— We attribute this to proximity to the Furka railway
tunnel (prominent peak at 16.7 Hz).
— No regular trains are running between 22:00 and
04:00.
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Conclusions
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Average over the three dimensions of the seismic
acceleration linear spectral density.
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The site at TM3500 is a seismically very quite place!
— Between 0.1-10 Hz very close to the NLNM.
— Between 1-100 Hz is at least one order of magnitude lower
compared to sites characterized at CERN [2] and Fermilab [7].

The seismic acceleration is well below the
8aym = 1 x 10~*m/s?/+/Hz critical limit for vibrations of
optics in atom interferometer GW detectors.

This represents a snapshot of the current non-used TM3500
site.

— Any future physics laboratory will introduce additional seismic
noise.

We are investigating potential measurements at TM3500 with
a more sensitive seismic sensor.

Bedretto is potentially an interesting site to study gravity
gradient noise mitigation strategies.
— Could profit of synergies with the existing seismological
laboratory.
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Seismometer at TM2400

Properties

Additional seismometers are installed in the tunnel,
including one at TM2400.

— This is at the site of the FEAR tunnel extension of the
Bedretto Underground Laboratory for Geoscience.

— This site has heavy human activity.

This seimometer has the following properties
TM2400 Broadband seismometer

— Model: Nanometrics Trillium Compact
— Corner Period: 120s
— Data-logger: Nanometrics ()2000 sps)

The data presented here covers the range:

July 2024 - October 2025
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Portal

TM3500

TM2400
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Seismic Acceleration at TM2400

Individual Spatial Components

10 *F —— North
East

—— Vertical s
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LSD [m/s¥

Dats: 07,2025

102025
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Frequency [Hz]
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TM2400 is located where the FEAR tunnel extension of the
Bedretto Underground Laboratory for Geoscience has been

constructed.
— Overall the site is noisier due to the presence of human
activities.
— These activities include final construction work, rock
drilling, as well as general lab operations.
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Seismic Acceleration at TM2400

Day / Night Cycle
107 ——Average Day (04-22) -
Average Night (22-04)
---- NHNM
107°F N ——/"NLNM J
/’ . /’ 0aim

S
2 The site at TM2400 shows a weak day / night cycle.
E . . N . .
a — The noise level at night is still relatively high.
w1
-

— Most likely due to equipment which operates 24/7.

9 /7 Data: 07.2025 - 102025

Frequency [Hz]
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Comparison of all Studies Sites

Individual Spatial Components
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Comparison of all Studies Sites

Average over Spatial Components
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